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ABSTRACT Integrative optical imaging was used to show that long-chain synthetic poly[N-(2-hydroxypropyl)methacrylam-
ide] (PHPMA) polymers in a range of molecular weights from 7.8 to 1057 kDa were able to diffuse through the extracellular
space in rat neocortical slices. Tortuosity (square root of ratio of diffusion coefficient in aqueous medium to that in brain)
measured with such polymers averaged 1.57, a value similar to that obtained previously with tetramethylammonium, a small
cation. When PHPMA was conjugated with bovine serum albumin (BSA) to make a bulky polymer with molecular weight 176
kDa, the tortuosity rose to 2.27, a value similar to that obtained previously with BSA alone and with 70-kDa dextran. The
method of image analysis was justified with diffusion models involving spherical and nonspherical initial distributions of the
molecules.
INTRODUCTION
From a physical perspective, the extracellular space (ECS)
of the brain is a porous medium. In the neuroscience con-
text, the ECS is a conduit for cellular metabolites, a channel
for chemical signaling mediated by volume transmission,
and a route for drug delivery. The ECS occupies 20% of
brain volume, i.e., the extracellular volume fraction  is
0.2 (Nicholson and Sykova´, 1998), but interstitial spaces
are narrow and small molecules (100 Mr) undergo hin-
dered diffusion, described by a tortuosity factor  of 1.6,
where   (D/D*)1/2 and D and D* are the diffusion
coefficients in free medium and in brain tissue, respectively
(Nicholson and Phillips, 1981; Nicholson and Sykova´,
1998).
Macromolecules, such as dextran (70-kDa Mr) and bo-
vine serum albumin (BSA; 66-kDa Mr), also diffuse in the
ECS but with a tortuosity of 2.3, suggesting that their
larger size and globular shape cause more obstruction (Ni-
cholson and Tao, 1993; Tao, 1999; Tao and Nicholson,
1996). Molecules of poly[N-(2-hydroxypropyl)methacryl-
amide] (PHPMA) are synthetic, linear, water-soluble poly-
mers that are being developed for drug delivery. The poly-
mers consist of repeating subunits with an occasional spacer
to attach a drug molecule or other moiety (Ulbrich et al.,
1997). Here we show that PHPMA polymers as large as
1057-kDa Mr can move through the brain with the same
-value as a small molecule. When, however, a bulky
PHPMA-BSA branched polymer was used, the tortuosity
increased to 2.3. These results indicate that some large
linear macromolecules are able to diffuse through the ECS
while experiencing only the same hindrance as do small
molecules.
MATERIALS AND METHODS
PHPMA polymers
Narrow fractions of linear, water-soluble PHPMA polymers withMr values
7.8, 28.0, 47.2, 220, 515, and 1057 were prepared by radical polymeriza-
tion followed by gel permeation chromatography GPC fractionation
(Noguchi et al., 1998; Sˇubr et al. 1997). To enable the diffusion of the
polymers to be imaged, a fluorescent marker (FITC or Texas Red) was
attached to the PHPMA. Polymers of PHPMA also can be conjugated with
proteins to form high-molecular-weight branched conjugates; in this study
BSA was modified by attaching PHPMA polymers bearing covalently
bonded FITC. This conjugate had anMr of 176 kDa and consisted of 25 wt
% BSA and 75 wt % synthetic polymer of 23-kDa Mr. The final result was
a branched or bulky polymer structure with the BSA at the center and
several chains of PHPMA attached.
Cortical slice preparation
The slice preparation has been described in detail (Nicholson and Tao,
1993; Pe´rez-Pinzo´n et al., 1995; Rice and Nicholson, 1991). Female
Sprague Dawley rats (150–250 g) were deeply anesthetized with sodium
pentobarbital (65 mg kg1) and decapitated, and the brains were removed.
Tissue was sectioned with a Camden Vibroslice (WPI, Sarasota, FL) at a
thickness of 400 m and stored in artificial cerebrospinal fluid (ACSF) at
room temperature for 1 h before use. The ACSF contained (in mM): 124
NaCl, 26 NaHCO3, 5 KCl, 1.25 NaH2PO4, 1.5 CaCl2, 1.3 MgCl2, 10
glucose. The ACSF was gassed with 95% O2/5% CO2 (to buffer pH at 7.4,
in conjunction with the HCO3).
Slices were held in a submersion chamber (type RC-27L or RC-29,
Warner Instrument Corp., Hamden, CT) mounted in the center of a fixed
stage (Gibralter; Burleigh Instruments, Fishers, NY) under a compound
microscope (BW50WI, Olympus Optical Co., Tokyo, Japan). Oxygenated
ACSF was pumped at a rate of1.5 ml min1 with a peristaltic pump, and
all experiments were performed at 34°C. Characteristic field potentials
(Rosen and Andrew, 1990), evoked by local stimulation and recorded with
a microelectrode, were used to assess slice viability in some experiments.
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Slices were considered viable if stable field potentials could be recorded
for 30–60 min.
Integrative optical imaging (IOI) to determine
apparent diffusion coefficient
In the IOI method (Nicholson and Tao, 1993) macromolecules are released
from a micropipette by a brief pulse of nitrogen delivered by an electron-
ically controlled valve (General Valve, Fairfield, NJ). Then the diffusion
equation, in spherical coordinates, is (Nicholson and Phillips 1981; Ni-
cholson, 1992)
Cp
t 
D*
r
2rCp
r2 
1000nPHPMA

rt
r2 	 kCp , (1)
where a concentration Cp (mM), at time t (s) and distance r (cm), results
from the amount of substance injected, nPHPMA (mmol). The amount
nPHPMA  UCf, where a small volume U (L) at concentration Cf (mM) is
actually ejected into the tissue, but it is assumed that, although finite in
quantity, the ejected substance occupies a vanishingly small volume rela-
tive to the volume in which measurements will be made. The point source
in space and time can then be represented by the product of two -func-
tions. The apparent (or effective) diffusion coefficient in the tissue is D*
(cm2 s1). A linear uptake term, kCp, has been included (Nicholson,
1992) for generality, where k (s1) is the uptake parameter. The solution
to Eq. 1 is given by Nicholson (1985, 1992):
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The term to (s) represents a virtual source-time origin such that the source
appears to have been activated at a time to before it actually occurred. The
reason for the inclusion of this term will be explained later. It is assumed
that k  0 for the PHPMA molecules because it is unlikely that such large
molecules are able to enter cells over the time span of the measurements
and because the data analysis provides good fits of Eq. 2 when k  0.
In these experiments a sub-nanoliter amount of the fluorescent PHPMA
in isotonic saline at a concentration of 0.1–1.0 mM was pressure ejected
from a micropipette into the center of the slice with a nitrogen pulse less
than 1 s in duration. The diameter of the tip of the micropipette was 2–6
m, and so it was effectively a point source.
The basic experimental setup has been detailed by Nicholson and Tao
(1993). The IOI system used in the present experiments consisted of an
Olympus BX50WI microscope with a water-immersion objective (Olym-
pus UM PlanFl 10, NA 0.3), a 100-W halogen epi-illuminator, and a
dichroic mirror system and filters appropriate to the fluorophore in use. The
image was recorded by a charge-coupled device (CCD) camera cooled to
40°C (model CH350, Photometrics, Tucson, AZ) equipped with a
Thompson CCD array with 576  384 pixels and 14-bit resolution. The
camera exposure time was 50–400 ms. The output of the camera was
transferred directly to a Pentium PC, and images were acquired using the
V-Pascal language (Photometrics) to control the camera and computer.
After image acquisition, the diffusion analysis (see below) was per-
formed with the program IDA (written by C. Nicholson, based on a
previous program by L. Tao) running under MATLAB (The Math Works,
Natick, MA). The theory of how the image of the diffusing cloud of
molecules maps onto the plane of the CCD camera is quite complex.
Nevertheless, it can be reduced to a basic equation, derived from Eq. 2. The
camera images are taken at a sequence of discrete times ti, and the
fluorescence intensity Ii at any radius r in the slice from the point source
location, assuming that the molecules diffuse out with spherical symmetry
from the origin, is given by
Iir, i Eiie(r/i)
2, (3)
where Ei is an amplitude term embodying the de-focused point spread
function of the objective (Nicholson and Tao, 1993; Tao and Nicholson,
1995). This term is independent of r. The term i is given by
i
2 4D*ti to. (4)
By fitting the exponential term in Eq. 3 to the spatial distribution at each
time ti, D* can be determined from Eq. 4. In practice, use is made of the
redundant information available in the whole sequence of time measure-
ments to further enhance accuracy by using several images corresponding
to a sequence of ti to obtain i and then performing a linear regression
according to Eq. 4 to obtain D* and to.
The use of the virtual source-time origin can now be justified. Eqs. 2
and 3 are based on the assumption that molecules start from a point source
in both space and time. This is a good approximation in time because the
duration of the pressure pulse used to release the molecules is in the range
100-1000 ms whereas the analysis times are typically at intervals of 10–50
s. But the initial distribution of molecules can occupy a volume in the tissue
of 20–150-m diameter. As time progresses, however, the diffusion pro-
cess erases the detail of the source structure so that it is possible to attribute
the diffusing cloud of molecules to a virtual point source that was delivered
at time to before the actual delivery. This works well in practice, and later
in the paper we will justify the process with a simulation based on the
results. The actual analytical expression for a finite-volume source will be
given later also; this could be used in the fitting procedure but would
increase the complexity and does not appear necessary. The even more
complex case of a finite, nonspherical initial distribution will also be
addressed.
For the reasons just given, no attempt was made to analyze data
immediately after the time of ejection, and the first image used was usually
taken 10–50 s later.
To determine D, similar measurements were made in 0.3% w/v agarose
(NuSieve, FMC Corp. Rockland, ME) dissolved in isotonic saline to give
a thin gel. All measurements were made at 34°C. As seen in other studies
(Nicholson and Tao, 1993; Tao and Nicholson, 1996), agarose at this
concentration does not significantly impede diffusion. This was confirmed
here when the data obtained here with IOI were compared to diffusion
coefficients obtained with light-scattering measurements made when the
PHPMA polymers were synthesized. Diffusion coefficients (measured in
units of 107 cm2 s1) obtained for each polymer by light scattering in
water at 25°C and corrected to 34°C were as follows: 7.8 kDa, 13.5; 28
kDa, 6.35; 47.2 kDa, 4.55; 220 kDa, 2.16; 515 kDa, 1.08; 1057 kDa, 0.72.
Apart from some deviation for the smallest polymer, these values are
similar to those obtained subsequently with IOI.
Nonspherical model source
When molecules were pressure-ejected, the initial distribution was often
slightly elliptical and the molecules were not centered on the tip of the
ejecting electrode, but the center of the distribution was somewhat below
the tip. For small molecules (e.g., 7.8-kDa PHPMA) the cloud rapidly
became spherical, but for large molecules the asymmetry persisted
throughout most of the analysis. To check that this would not produce
significant errors, a model was constructed of an extended nonspherical
source distribution.
The diffusion was simulated by populating a three-dimensional ellip-
soidal volume with M  2500 point sources (Fig. 1) and calculating, by
linear summation, the appropriate concentration distribution in the sur-
rounding space from the point-source diffusion equation (Eq. 2) with to  0:
Cr, t
1
M 
j1
M
Cpr	 rj, t, (5)
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where r 	 (x, y, z), the observation point, and rj 	 (xj, yj, zj) is the location
of the jth source, r 	 r 	 
x2  y2  z2. The distributions in the plane
z  0, simulating the image plane, were then analyzed with the program
IDA. The semi-major axes of the ellipsoid, b1, b2, b3 (cm), and the volume
injected, U (L), are related by U  4
b1b2b3/3000, and the amount of
substance injected is given by nPHPMA  UCf.
To further assess the accuracy of results obtained with Eq. 2, as the basis
for analysis, some calculations were also done with the analytical solution
to Eq. 1 when the amount injected initially fills a finite volume of the ECS.
Then the initial radius of injected PHPMA in the tissue is b (cm), and the
volume injected from the pipette is U (L), so that U  4
b3/3000, and
again, the amount of substance injected is given by nPHPMA  UCf
(Nicholson, 1985, 1992):
Cr, t
Cf
2 erfferff

2
rD*t
 expf2 expf2 expkt, (6)
where f  (r  b)/2
D*t and f  (r  b)/2
D*t. The variable b (cm)
is the initial radius of injected PHPMA, assumed to be deposited instan-
taneously with a concentration Cf in the form of a spherical drop. The other
variables are as previously defined.
In this model, the neocortex was assumed to be isotropic because
detailed diffusion measurements with tetramethylammonium (TMA) had
confirmed this (Mazel et al., 1998). The IOI method has the potential to
measure anisotropy (i.e., different values of D* associated with different
directions), and preliminary work on this topic has been presented (Ni-
cholson et al. 1999).
RESULTS
Measurements were made with PHPMA polymers with Mr
values 7.8, 28.0, 47.2, 220, 515, and 1057. A sequence of
images of 515-kDa Mr linear PHPMA labeled with FITC
diffusing in brain are shown in Fig. 2 A. The images were
acquired after a brief injection of the polymer from a mi-
cropipette at a depth of 200 m below the slice surface
(total slice thickness, 400 m). Each image represents a
180-m x 180-m area of the neocortical brain slice at the
times indicated after the initial release of the fluorescent
molecules. The amplitude, shown in false color (red highest,
blue lowest), represents the fluorescent intensity, which is
proportional to the concentration of the polymer. The typi-
cal bell-shaped distributions of intensity shown in Fig. 2 B,
corresponding to polymer concentration, were measured
along a horizontal axis running through the center of each
image. The blue lines are the data and the magenta lines are
the diffusion curves, fitted using the program IDA and Eq.
3. From these curves 2 was determined using Eq. 4 and
hence the apparent diffusion coefficient D*, resulting in a
value of 0.38  107 cm2 s1 (at 34°C) for this set of
images. The curves show the collapse and broadening,
characteristic of diffusing molecules, despite the high mo-
lecular weight and the fact that the diffusion is taking place
in the ECS of brain tissue.
To confirm that the behavior of the images was consistent
with basic diffusion theory, a sequence of images (Fig. 2 C)
was generated using the nonspherical source model (Fig. 1;
Eq. 5) to simulate the experiment depicted in Fig. 2 A. The
shape and location of the source distribution were chosen to
give a good fit to the experimental images. A value of
0.39  107 cm2 s1 was used for D* in the model. The
value of D* extracted from the curve fitting to the images
generated from the model data (Fig. 2 D) was 0.38  107
cm2 s1.
The slight broadening of the experimental images and
curves in Fig. 2, A and B, can be attributed to a small
amount of light scatter in the tissue, which was not present
in the model. This did not appreciably affect the extraction
of D* from the data.
The values of D and D* obtained in all the experiments
using linear PHPMA molecules are shown on a log-log plot
in Fig. 3 and in Table 1. It is evident that the diffusion
coefficients in both free medium and brain conformed to a
power law relation of the form D  a (Mr)d. For the dilute
agarose a  14.6  105 and d  0.54 (r2  0.99),
whereas for the brain tissue a  5.25  105 and d 
0.53 (r2  0.99). Thus D and D* vary almost as (Mr)0.5,
a relation characteristic of molecules of 1000 Mr rather
than the d  0.33 exponent characteristic of large ones
(Rubinow, 1975). Averaging the individual values of  for
the linear-chain PHPMA molecules in the range 7.8–1057
kDa (Table 1) gave   1.57.
FIGURE 1 Ellipsoidal source distribution. The model consisted of 2500
point sources randomly distributed in an ellipsoidal volume with semi-axes
(b1, b2, and b3) of length 81, 54, 54 m, respectively, for the initial
distribution in the ECS, resulting from the injection of 0.2 nl into ECS with
a volume fraction of  0.2. The center of the ellipsoid was located at z
45 m, below the observing plane, and the major x-y plane of the
ellipsoid was rotated by 30o around the vertical. The tip of the schematic
microelectrode, used to eject the molecules, was located at (0,0,0). This
model was used to calculate the images in Fig. 2 C.
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In contrast to these results using PHPMA, previous stud-
ies using identical experimental methods with two other
large molecules, 70-kDa Mr dextran (Nicholson and Tao,
1993) and 66-kDaMr BSA (Tao and Nicholson, 1996), gave
tortuosities of 2.25 and 2.26, respectively (Table 1). Dextran
at this molecular weight has a loose spherical shape (Ogston
and Woods, 1953) whereas BSA is an ellipsoidal protein
(Wright and Thompson, 1975). To determine whether the
PHPMA itself was in some way reducing the tortuosity, or
whether the effect was related to molecular shape, we used
the bulky PHPMA-BSA branched polymer. When diffusion
measurements were made with this structure,  increased to
2.27 (Table 1), which was almost the same value as that
obtained with BSA alone.
To appreciate what the experimental values of D* meant
in practical terms, and to verify that the earlier, virtual point
source was a good approximation, Fig. 4 shows the concen-
tration versus distance and time profiles for the six PHPMA
molecules. In Fig. 4 A, the profiles are calculated as a
function of distance r for a fixed time t  120 s. The
FIGURE 2 Sequence of images and diffu-
sion analysis of 515-kDa Mr linear-PHPMA
labeled with FITC diffusing in brain. (A)
Each image represents a 180-m x 180-m
area of the neocortical brain slice, as re-
corded from above using a CCD camera and
a compound microscope with a 10 water-
immersion objective at the times indicated
after the initial release of the fluorescent
molecules. The amplitude, shown in false
color (red highest, blue lowest), represents
the fluorescent intensity, which is propor-
tional to the concentration of the polymer.
The initial concentration was established by
a brief injection of the polymer from a mi-
cropipette at a depth of 200 m below the
slice surface (total slice thickness, 400 m).
(B) The typical bell-shaped distributions of
intensity, corresponding to polymer concen-
tration, were measured along a horizontal
axis running through the center of each im-
age. The blue lines are the data, and the
magenta lines are the diffusion curves, fitted
by the analysis program, from which the
apparent diffusion coefficient D* was mea-
sured (Nicholson and Tao, 1993) resulting
in a value of 0.38  107 cm2 s1 for this
set of images (34°C). (C) Sequence of im-
ages produced by the source model shown
in Fig. 1 simulating the experiment depicted
in A to verify the analysis. (D) Intensity
curves derived from images in C. A value of
0.39 107 cm2 s1 was used for D* in the
model, and the value of D* extracted from
the curve fitting to the model data was
0.38 107 cm2 s1. The slight broadening
of the images and curves in A and B can be
attributed to a small amount of light scatter
in the tissue, which is not present in the
model shown in C and D. This does not
appreciably affect the extraction of D* from
the data.
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continuous lines were calculated using the finite volume
source equation, Eq. 6, with U 0.2 nl, whereas the dashed
lines were calculated from Eq. 2. The virtual point source-
time for each molecule was calculated as to  b2/6D*
where  was an arbitrary factor chosen to allow a good fit
to the whole family of curves. The factor b2/6D* was
chosen as providing a suitable characteristic time for a
three-dimensional diffusion problem (Nicholson et al.,
2000). Because  was the only free parameter, this tested
the general validity of the delayed point source concept;
here the value   0.67 was used for all curves in Fig. 4, A
and B. In experiments, to is extracted by curve fitting. From
Fig. 4 A, it is evident that, for all the smaller molecules, the
virtual point source approximation is very good, and even
for the two largest molecules only the peak values near the
origin are in error; however, this constitutes a small per-
centage of the curve. A similar result is evident in Fig. 4 B
when the curves are plotted as concentrations versus time at
a fixed distance of 100 m from the origin. Here, all the
curves with the finite volume and virtual point source are
very close, except at very early times. This would be ex-
pected, because here the virtual point source approximation
would be least accurate; these early times are excluded from
the experimental analysis.
Note the interesting result, shown in Fig. 4 B, that,
because the amount of each molecule ejected is the same
(nPHPMA  2  1014 mol), the peak concentrations at a
given distance are also equal and independent of D* and
hence molecular weight. This is a consequence of basic
diffusion theory, which indicates that the amplitude is
0.0736 nPHPMA/(r3) (Nicholson et al., 2000).
DISCUSSION
Diffusion in the ECS is a process that can be described in
both macroscopic and microscopic terms. The macroscopic
description is based on solutions of partial differential equa-
tions, arising from Fick’s Law, whereas the source of the
microscopic description is the random walk, arising from
Brownian motion. These viewpoints lead to complementary
descriptions of diffusion in a porous medium, such as that
formed by the intercellular clefts of brain tissue. Here the
concept of tortuosity is particularly useful. Formally, tortu-
osity is a macroscopic parameter based on the ratio of the
diffusion coefficient in an unobstructed medium to that in
the porous medium. Microscopically, tortuosity is thought
of as a measure of the hindrance imposed by the structure of
the medium (cells of the brain in the present context) on the
molecules as they execute random walks in the void spaces.
The link between these two viewpoints is nontrivial and the
subject of numerous publications (e.g., Blum et al., 1989;
FIGURE 3 Power-law relation between D (agarose) or D* (brain) and
Mr for linear-PHPMA molecules ranging from 7.8-kDa to 1057-kDa Mr.
Dashed lines represent linear regressions through the respective data
points. Data are taken from Table 1. Further description is in the text.
TABLE 1 Diffusion parameters in 0.3% agarose and brain at 34°C
Molecule
Mr
(kDa)
Agarose
(D (107 cm2 s1))
Brain slice
(D* (107 cm2 s1))
Tortuosity
(  (D/D*)1/2)
Linear-PHPMA 7.8 9.84  0.21 (36) 4.34  0.12 (28) 1.51  0.04
28.0 6.30  0.19 (23) 2.25  0.10 (24) 1.67  0.06
47.2 4.65  0.13 (32) 1.94  0.08 (32) 1.55  0.05
220 2.03  0.02 (53) 0.75  0.02 (52) 1.65  0.03
515 1.17  0.05 (31) 0.47  0.03 (29) 1.58  0.08
1057 0.72  0.06 (25) 0.34  0.03 (29) 1.46  0.12
PHPMA-BSA 175.8 2.34  0.05 (54) 0.45  0.01 (53) 2.27  0.06
Dextran* 70.0 3.80  0.08 (8) 0.75  0.05 (12) 2.25  0.09
Albumin† 66.0 8.29  0.17 (43) 1.63  0.07 (43) 2.26  0.07
Values are mean  SEM. Number of separate dye ejection experiments is in parentheses. Errors for  are calculated as  0.5 (DSEM/D  D*SEM/D*),
where DSEM, D*SEM are the standard errors of the means (Nicholson and Tao, 1993).
*Data from Nicholson and Tao (1993).
†Data from Tao and Nicholson (1996).
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Chen and Nicholson, 2000; El-Kareh et al., 1993; Rusakov
and Kullmann, 1998).
Our results suggest that PHPMA linear polymers are able
to move through the ECS with no more hindrance than that
associated with small molecules, though with much reduced
D*, of course. The value of  obtained here is essentially the
same as has been obtained in many studies with the small
cation TMA (Mr  74), using a different method for
determining D, D*, and tortuosity (Nicholson and Phillips,
1981). The extensive TMA data are summarized in recent
reviews (Sykova´, 1997; Nicholson and Sykova´, 1998) and
indicate that the minimum value of  obtained with the
small molecule is 1.5–1.7 in many brain regions under
normal conditions. In some areas, anisotropy must be taken
into account (Rice et al., 1993; Mazel et al., 1998).
A recent paper by Pluen et al. (1999) showed that D* for
long polymers of DNA diffusing in free solution or 2%
agarose obeys almost the same power law (exponent0.52)
as a function of the number of base pairs as we have shown
here (exponent0.53) for long-chain PHPMA molecules as
a function of molecular weight. Above 6000 base pairs,
however, the exponent measured by Pluen et al. suddenly
increases sharply, which the authors attributed to reptation (de
Gennes 1975). Our data suggest that linear PHPMA polymers,
even up to 1000 kDa, are able to diffuse normally in the ECS,
and it is globular molecules that are obstructed; Pluen et al.
reached a similar conclusion in their studies on relatively dense
agarose.
The significance of the fact that the same small value of
 is obtained with linear synthetic PHPMA chains in brain
tissue, and presumably other molecules with this type of
structure, is that they should be no more hindered than a
small molecule in the ECS. This will be important for the
transmission of molecular signals in the ECS by volume
transmission (Fuxe and Agnati, 1991; Zoli et al., 1999;
Agnati et al., 2000) and for drug delivery (Haller and Saltzman,
1998). By the same argument, the data presented here for other
classes of large molecules, with a more compact structure,
suggest that they could be excluded from certain sites. Such
exclusion may be subject to dynamic control as the ECS varies
in size (Tao, 1999). These results will be relevant when
PHPMA polymers are used to deliver drugs to brain tumors.
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